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Abstract There is now solid evidence that T cell adaptive immunity is involved in atherogenesis. While initial studies have focused on the pathogenic arm of the immune response, more recent work clearly suggests an important role for several subsets of regulatory T cells in the protection against lesion development. Here, we review the current knowledge on the role of both pathogenic and regulatory adaptive T cell immunity in atherosclerosis, generated mainly from the study of mouse models of the disease. It is now well accepted that atherosclerosis is driven by a chronic inflammatory process within the arterial wall initiated mainly in response to endogenously modified structures, particularly oxidized lipoproteins, that stimulate both innate and adaptive immune responses, leading to further alteration of the vascular wall and promoting disease progression and complications (1, 2) . Among the immune cells, monocytes/macrophages are certainly the most critical promoters and maybe the final common pathway of the immunoinflammatory response in atherosclerosis, because suppression of their vascular accumulation is associated with the most dramatic reduction in lesion development in mouse models of the disease. However, activation of the adaptive immune response that involves antigen presentation by dendritic cells (DC) and the generation/ activation of antigen-specific T lymphocytes certainly deserve specific and close attention, not only because of the beauty of understanding the complex interplay of this network and its role in disease modulation, but also because of the great potential of specific and intelligent manipulation of the immune system toward antigen-specific immune downregulation or tolerance, ultimately leading to limitation of plaque progression and complications. In this review, we will briefly expose the current knowledge on the role of both pathogenic and regulatory adaptive CD4 1 T cell immunity in atherosclerosis, generated mainly from the study of mouse models of the disease.
T CELLS ARE INVOLVED IN ATHEROSCLEROSIS
The adaptive immune system is involved in the development of atherosclerosis. Deficiency in both T and B cells significantly inhibits lesion development [reviewed in (1, 2) ]. The protective effect is seen in the early stages of lesion development and in the absence of severe hypercholesterolemia but varies according to the site of lesion development, being more important in the aortic root and less visible in the thoracic and abdominal aorta or in the brachiocephalic trunk. Transfer of CD4 1 T cells from atherosclerotic Apoe 2/2 mice into Apoe
/scid/scid mice enhances atherosclerotic lesion development to a level similar to that of immunocompetent controls, indicating a proatherogenic role for T cells.
ANTIGEN PRESENTATION IN ATHEROSCLEROSIS
Transfer of oxLDL-reactive T cells to Apoe 2/2 /scid/scid mice is more efficient at lesion acceleration than the transfer of T cells with no specificity to a plaque-derived antigen (3), suggesting an important role for antigen presentation in disease development. DCs are specialized antigenpresenting cells that are required for the activation of naïve T cells and the development of antigen-specific T cellmediated immune responses. Potential candidate T cell antigens in atherosclerosis lie within altered self-structures, such as modified lipoproteins, and among other proteins, such as heat shock proteins, b2-glycoprotein I, and probably apoptotic/necrotic debris. The exact location of initial antigen presentation in atherosclerosis has not been determined. DCs are known to acquire and process antigens for presentation to T cells in peripheral lymphoid organs, and this probably also occurs in the context of atherosclerosis. It could be argued that DCs can encounter and scavenge atherosclerosis-related antigens in the periphery, outside atherosclerotic lesions. Indeed, limited accumulation of modified lipoproteins can be encountered within the skin or in the spleen, which might be enough to induce antigen-specific pathogenic and/or regulatory T cells. Most likely, however, DCs encounter atherosclerosis-related antigens within vascular lesions. Beginning from the very early stages of lesion development, DCs accumulate within the intima of atherosclerosis-susceptible regions characterized by disturbed flow dynamics, through a mechanism involving VCAM-1 (4) and CX3CR1 (5) . Their continued accumulation during lesion development is correlated with lesion progression and inflammation (5), and their clustering with T cells within the lesions suggests an important role in the modulation of T cell adaptive immunity. Scavenging of modified lipids and other potential antigenic structures within the lesions would induce DC maturation and migration to secondary lymphoid organs where they would present antigens to promote the generation of antigen-specific pathogenic and/or regulatory T cells. These antigen-specific T cells would subsequently migrate to the atherosclerotic lesions where they could be reactivated and be involved in the modulation of the immunoinflammatory response (Fig. 1) . However, given the proinflammatory plaque microenvironment, the survival and maintenance of Treg cells would be compromised compared with pathogenic T cells, leading to an imbalance in T cell adaptive immunity toward increased T cell activation (Fig. 1) . It could also be argued that plaque DCs would be able to initiate antigenspecific activation of T cells within the lesions (Fig. 1) , although the process would be less efficient than in specialized lymphoid organs. In addition, in the case of lesionconfined activation, only antigen-specific pathogenic T cells would be generated given the proinflammatory plaquemicroenvironment, which would exagerate the imbalance between pathogenic and Treg cells (Fig. 1) . This model of antigen presentation allows several predictions. First, it explains the overrepresentation of pathogenic T cells compared with Treg cells. Second, in order to maintain the generation of antigen-specific Treg cells, DCs would need to present atherosclerosis-related antigens outside the lesions, in a microenvironment with reduced inflammation, and, thus, would need to continuously emigrate to regional lymphoid organs (Fig. 1) . Phagocytosis of apoptotic debris by DCs through milk fat globule-EGF factor 8 (also known as lactadherin) and/or mer tyrosine kinase receptor pathways would greatly facilitate this task through modulation of their activation and their Treg-inducing potential (6, 7) . In agreement with these hypotheses, impaired emigratory potential of DCs (8) and impaired clearance of apoptotic cells (6, 7) greatly enhance lesion inflammation and accelerate plaque progression. Third, with the increasing burden of dyslipidemia, oxidatively modified lipids and their related bioactive products, impaired DC emigration would ultimately lead to a reduction in the generation of antigenspecific pathogenic T cells and a reduction in the accumulation of antigen-specific T cells within the lesions, thereby reducing the impact of T cell adaptive immunity on lesion progression, which again is supported by experimental data in murine models of the disease.
TH1 RESPONSE IN ATHEROSCLEROSIS
The majority of pathogenic T cells in atherosclerosis are of the Th1 profile producing high levels of IFN-g. Th1-driven responses are detrimental to the atherosclerotic process (1). IFN-g is known to activate monocytes/macrophages and DCs, leading to perpetuation of the pathogenic Th1 response. In addition, IFN-g may inhibit vascular smooth muscle cell proliferation and reduces their collagen production while upregulating the expression of matrix metalloproteinases, thereby contributing to the thinning of the fibrous cap (1). Deficiency in IFN-gR or IFN-g significantly reduces lesion development and enhances plaque collagen content (9, 10), whereas exogenous administration of IFN-g enhances lesion development (10) . Surprisingly, one study reported reduced lesion formation in LDLR 2/2 mice transplanted with IFNg-deficient bone marrow (11) . The reasons for this discrepancy remain to be elucidated.
Interleukin (IL)-12 production by DCs and monocytes/ macrophages plays a critical role in Th1 differentiation. IL-12 activates the transcription factor STAT4 and a unique Th1 transcription factor, T-box expressed in T cells, leading to upregulation of IFN-g and downregulation of IL-4 Antigen presentation most likely occurs within the secondary lymphoid organs, and primed T cells are reactivated within the lesions. DC activation and maturation by self-altered structures, in part through toll-like receptors (TLRs), lead to induction/maintenance of pathogenic immunity. Phagocytic clearance of apoptotic debris through milk fat globule-EGF factor 8 (Mfge8) or mer tyrosine kinase receptor (mertk) is required for induction/maintenance of regulatory immunity. The proinflammatory plaque environment is permissive to the induction/maintenance of pathogenic T cells but impairs the development of regulatory immunity. Thus, in order to maintain a Treg cell response, DCs would need to continuously traffic to peripheral lymphoid organs.
and IL-5 expression in T cells. Apoe 2/2 mice deficient for IL-12p40 showed signifcant reduction in plaque development (12) , and exogenous IL-12 administration enhances IFN-g production and disease development (13) . IL-18 synergizes with IL-12 to induce IFN-g production (14) . Treatment of Apoe 2/2 mice with a plasmid encoding the endogenous IL-18 inhibitor, IL-18 binding protein (15) , or genetic deletion of IL-18 (16), significantly reduces lesion development, whereas exogenous administration of IL-18 clearly accelerates disease progression (17, 18) . CD40-CD40L interactions also promote Th1 cell development, and inhibition of this pathway reduces lesion development and induces a 'stableʼ plaque phenotype [reviewed in (19) ]. However, T cell-independent effects may be involved in this pathway, because CD40L deficiency in bone marrowderived cells did not alter atherosclerosis. Finally, T-box expressed in T cells deficiency clearly reduces lesion development (20) . Collectively, these results provided convincing elements to incriminate Th1 responses in the promotion of plaque development.
TH2 RESPONSE IN ATHEROSCLEROSIS
Th2 cells secrete IL-4, IL-5, IL-10, and IL-13 and provide help for antibody production by B cells. Th2 cells are rarely detected within the atherosclerotic lesions. However, their induction is promoted in a severe hyperlipidemic context. IL-4 drives Th2 cell differentiation through STAT6, which activates the transcription factor Gata3, leading to upregulation of IL-4 and IL-5 and downregulation of IFN-g. Thus, Th2-biased responses were proposed to antagonize proatherogenic Th1 effects and thereby confer atheroprotection. However, the role of the Th2 pathway in the development of atherosclerosis remains controversial depending on the stage and/or site of the lesion, as well as on the experimental model. In mouse models that are realtively resistant to atherosclerosis, a Th2-bias has been shown to protect against early fatty streak development (21) . However, in more permissive models using LDLR 2/2 mice, deficiency in IL-4, the prototypic Th2-related cytokine, had no substantial effect on lesion development in one study (22) but was associated with a decrease in atherosclerotic lesion formation in a previous work by the same authors (23), suggesting a potentially proatherogenic role. Prolonged hypercholesterolemia in animal models of atherosclerosis is associated with enhanced IL-4 production, which most probably contributes to plaque progression, because deficiency in IL-4 at these advanced stages greatly hampers plaque progression (12) .
However, other Th2-related cytokines, IL-5, and IL-33 appear to exhibit antiatherogenic properties. Induction of humoral immunity by immunization of hypercholesterolemic apoE 2/2 mice with oxLDL reduces lesion size in association with the production of high levels of IgM-type anti-oxLDL antibodies, probably from B1 cells [reviewed in (24) ]. These cells appear to be stimulated by IL-5 produced by malondialdehyde-LDL-specific Th2 cells, because antibody generation and atheroprotection were significantly reduced in mice with genetic deletion of IL-5 in bone marrow cells. More recently, IL-33 has been shown to exhibit atherprotective effects, at least in part, through induction of IL-5 and the production of IgM-type anti-oxLDL antibodies (25) .
TREG RESPONSE IN ATHEROSCLEROSIS
The available data suggest that Th1, and potentially Th2-mediated, responses contribute to the development and progression of atherosclerosis. Therefore, identification of the causes of Th1/Th2 dysregulation would be of great imprtance to a better understanding of the pathophysiology of atherosclerosis. Our hypothesis is that in the context of atherosclerosis, an imbalance exists between pathogenic (Th1 and/or Th2) and regulatory T cells in response to "altered" self antigens, leading to reciprocal and mutual amplification of the innate and adaptive immune responses, responsible for plaque development and progression.
Regulatory T cells and immunological homeostasis
Natural Treg cells develop in the thymus and recognize specific self-antigen. They are characterized by the expression of CD4, high levels of CD25, and the transcriptional factor Foxp3 [reviewed in (26) ]. They home to peripheral tissues to maintain self-tolerance and prevent autoimmunity by inhibiting pathogenic lymphocytes. Costimulation, particularly through the CD28-CD80/CD86 pathway, is required for their maintenance. In vitro, Treg cells are anergic and are able to inhibit effector T cell proliferation. 
TGF-b, Treg cell function, and atheroprotection
The importance of TGF-b in the maintenance of immunological homeostasis was highlighted by the discovery that TGF-b-deficient mice develop multiple inflammatory diseases. TGF-b inhibits the proliferation, activation, and differentiation of T cells toward Th1 and Th2. In addition, TGF-b1 has been shown to maintain Treg cells in the periphery by acting as a costimulatory factor for expression of Foxp3. DCs have the capacity to induce Treg cell formation depending on TGF-b. DCs that have phagocytosed apoptotic cells through the lactadherin-dependent pathway play an instrumental role in the maintenance of Treg cell function in the periphery (6), a process mediated through increased production of TGF-b (27) . DCs also express the integrin alphavbeta8, which has the capacity to activate TGF-b and maintain a TGF-b-dependent Treg cell function (28) .
Previous studies have shown that TGF-b has antiinflammatory and atheroprotective effects. Sytemic TGF-b neutralization (29, 30) or genetic deficiency in TGF-b (31), increased lesion development in Apoe 2/2 mice. Accelerated atherosclerosis was associated with increased infiltration of inflammatory macrophages and T cells within lesions, together with reduced collagen content, leading to the development of plaques with a 'vulnerableʼ phenotype. Interestingly, specific deletion of TGF-b signaling in T cells was sufficient to induce increased lesional inflammation (32, 33) and enhanced plaque development (33) , associated with increased differentiation of T cells toward both Th1 and Th2 phenotypes (32, 33) , suggesting a Tregmediated effect.
Based on these results, we directly addressed the role of Treg cells in atherogenesis. We first used mice deficient in either CD28 or CD80/CD86, known to display a marked reduction in peripheral Treg cell pool. LDLR 2/2 mice transplanted with CD28 or CD80/CD86-deficient marrow showed accelerated atherosclerosis and enhanced lesional inflammation. Similarly, transfer of CD28-deficient splenocytes to Apoe IL-10 deficiency promotes atherosclerotic lesion formation, characterized by increased infiltration of inflammatory cells, particularly activated T cells, and by increased production of proinflammatory cytokines (37, 38) . Leukocytederived IL-10 appears to be instrumental in the prevention of atherosclerotic lesion development and in the modulation of cellular and collagen plaque composition (39) . However, the effect of IL-10 disruption in specific cell subtypes (macrophages, DCs, or T cells) on lesion development and progression is still unknown. Consistent with a protective role of IL-10 in atherosclerosis, systemic or local overexpression of IL-10 by adenoviral gene transfer in collar-induced carotid atherosclerosis of LDLR 2/2 mice was found to be highly efficient in preventing atherosclerosis (40) . Very interestingly, overexpression of IL-10 by activated T lymphocytes reduced atherosclerosis in LDLR 2/2 mice (41), which we believe suggests a protective effect for Tr1-like cells in atherosclerosis. This is consistent with a study from our group showing that transfer of clones of Tr1 cells reduces lesion development (42) and that promotion of endogenous adaptive Tr1 cell response plays a significant role in limiting disease development (43) .
MODULATION OF ADAPTIVE T CELL IMMUNITY TO TREAT IN ATHEROSCLEROSIS
Promotion of CD4
Since the identification of a critical role of Treg cells in atherosclerosis, several strategies have been developed based on the enhancement of Treg cell response to limit lesion development and inflammation. Steffens et al. (44) showed that administration of a nonmitogenic anti-CD3 antibody reduced plaque development and markedly inhibited lesion progression in mice with already-established atherosclerosis. This was associated with the induction of a regulatory immune response as revealed by increased production of TGF-b and enhanced expression of Foxp3 in lymph node and spleen cells, respectively.
Other strategies may involve interference with Treginhibitory signals. We have recently shown that leptin receptor-deficient (db/db) mice display a marked increase in the number and suppressive function of Treg cells. Supplementation of Treg-deficient lymphocytes with Treg cells from db/db mice induces a significant reduction of lesion size and a marked inhibition of IFN-g production compared with supplementation by Treg cells from wild-type mice (45) .
Strategies involving the induction of antigen-specific Treg cells are probably the most attractive, if not the most promising ones. Induction of oral tolerance through oral administration of atherosclerosis-related antigens (oxLDL or heat shock protein-60) to LDLR 2/2 mice resulted in a significant attenuation of the initiation and progression of atherogenesis, associated with increased antigen-specific TGF-b and/or IL-10 production, and increased number of CD4 1
CD25
1 Foxp3 1 cells in spleen and mesenteric lymph nodes (46) . However, more direct evidence is still needed to relate changes in antigen-specific Treg cell response to disease limitation and to examine the requirement for Foxp3 expression in this protective effect.
Strategies to promote Foxp3-independent regulatory T cell response
Administration of antigens through the mucosal route has also been shown to induce the generation of Foxp3-independent iTreg cells. Induction of mucosal tolerance to heat shock protein has been tested as a therapeutic strategy in experimental atherosclerosis (47, 48) . The studies showed a reduction in lesion size and plaque inflammation. The T cell cytokine profile was switched toward a Th2 phenotype with high production of IL-4 (47) or IL-10 (48). Thus, additional mechanistic work is required to understand the potential role of the regulatory immune response in this process.
Another way to promote endogenous Treg cell function may involve direct supplementation with clones of ex vivogenerated, antigen-specific Treg cells. We have recently shown that modulation of the peripheral immune response leading to limitation of plaque development is achievable by transfer of Tr1 cells with no specificity to a known plaque antigen and probably operates through a mechanism of bystander immune suppression (42) . However, transfer of Tr1-clones specific for plaque-derived antigens would enhance the atheroprotective effects while reducing potential side effects.
CONCLUSION
T cell adaptive immunity has long been thought of as only a promoter of a proatherogenic immune response in atherosclerosis. The discovery of endogenous counterregulators of the pathogenic immune response in atherosclerosis, particularly IL-10 and TGF-b, led to the identification of an important role for Treg cells in the control of lesion development and/or progression. However, the critical subtypes of Treg cells responsible for these protective effects and the molecular mechanisms involved in their survival, migration, homing, and suppressive function are still unknown. The precise delineation of the major determinants of the Treg cell response in atherosclerosis is currently the subject of intensive studies. A better understanding of these regulatory pathways would favor the development of novel therapeutic strategies, including vaccination-like strategies in order to promote antigen-specific Treg cell response and limit disease development and complications.
